Chemical composition and fibrillar organization are the major determinants of osteonal bone mechanics. However, prominent methodologies commonly applied to investigate mechanical properties of bone on the micro scale are usually not able to concurrently describe both factors. In this study, we used polarized Raman spectroscopy (PRS) to simultaneously analyze structural and chemical information of collagen fibrils in human osteonal bone in a single experiment. Specifically, the three-dimensional arrangement of collagen fibrils in osteonal lamellae was assessed. By analyzing the anisotropic intensity of the amide I Raman band of collagen as a function of the orientation of the incident laser polarization, different parameters related to the orientation of the collagen fibrils and the degree of alignment of the fibrils were derived. Based on the analysis of several osteons, two major fibrillar organization patterns were identified, one with a monotonic and another with a periodically changing twist direction. These results confirm earlier reported twisted and oscillating plywood arrangements, respectively. Furthermore, indicators of the degree of alignment suggested the presence of disordered collagen within the lamellar organization of the osteon. The results show the versatility of the analytical PRS approach and demonstrate its capability in providing not only compositional, but also 3D structural information in a complex hierarchically structured biological material. The concurrent assessment of chemical and structural features may contribute to a comprehensive characterization of the microstructure of bone and other collagen-based tissues.
Introduction
The remarkable mechanical properties of bone tissue are a result of the synergy of highly optimized material composition and complex hierarchical structure (Fratzl and Weinkamer, 2007; Weiner and Wagner, 1998) . Lamellar bone is the most abundant type in the cortex of human bones. The basic building block of cortical lamellar bone is the osteonal lamella (OL) (Fig. 1a-c) , a parallel layered structure with a thickness of 3-7 lm that is composed of a collagen fibril framework reinforced by mineral platelets and embedded in a mineralized extra-fibrillar matrix ( Fig. 1d) (Fratzl and Weinkamer, 2007; Rho et al., 1998; Weiner and Traub, 1992; Weiner and Wagner, 1998; Granke et al. 2013) . OL are concentrically disposed around a central Haversian canal forming characteristic structural motifs called osteons (Fig. 1c , e, f) (Rho et al., 1998) . Among other material and structural factors such as tissue mineralization and collagen cross links, the fibrillar organization of OL is widely accepted to be the major determinant of the anisotropic elastic properties of osteonal tissue (Hofman et al., 2006; Koester et al., 2008; Reisinger et al., 2011; Wagner and Weiner, 1992) . Therefore, better understanding of the fibrillar organization in OL provides further insights into the structure-function relationships of cortical bone tissue.
The fibrillar organization of OL has been the subject of numerous studies in the last decades. Nevertheless, the link between the fibrillar micro-architecture, chemical composition and resulting mechanical properties is still not fully understood and a multiplicity of models describing the fibrillar arrangements in OL has been proposed. Early investigations of the OL structure described the fibrillar alignment as (1) unidirectional with an abrupt change of orientation of 90°between adjacent lamellae (Gebhardt, 1906) or as (2) interwoven arrangements of fibrils in collagen-rich dense and collagen-poor loose layers (Marotti, 1993) . Recent studies contradicted these first findings and demonstrated that the fibrillar arrangement in single lamella is neither unidirectional nor interwoven, but defined by particular fibrillar organization patterns. Each lamella is composed of several sublayers with unidirectional aligned fibrils and the fibril orientation varies depending on the position within the lamella (Fig. 1d ). Various models describing these complex organization patterns have been established and quantitative description of the fibrillar orientation in the lamellar sublayers, the angles of tilt between adjacent sublayers and the sublayer thickness were reported. The proposed models include: (i) a twisted plywood pattern (Giraud-Guille, 1988; Giraud-Guille et al., 2003) , characterized by a regular, continuous fibril rotation in the lamellar plane; (ii) an asymmetrical rotated plywood structure (Weiner et al., 1999; Weiner et al., 1997; Raum et al., 2011) , defined by specific angles of tilt between lamellar sublayers of varying thickness, a characteristic ''back-flip'' phenomenon and different azimuthal rotations of the mineral platelets; (iii) a helicoidal plywood arrangement (Wagermaier et al., 2006 ) with a spiraling fibril orientation. Recently, (iv) coexisting oscillating, irregular oscillating and twisted plywood patterns with smooth orientation changes were identified. Furthermore, differences between highly organized and less regularly ordered lamellae were observed (Varga et al., 2013) . More recent findings unite several of these model descriptions (v) and describe lamellar bone as a composite of ordered and disordered phases Reznikov et al., 2014) . The ordered phase is defined as mainly aligned fibrils arranged in twisted and oscillating plywood patterns, whereas the disordered phase is less densely packed and contains randomly oriented fibrils.
To provide detailed structural information of collagen fibrils and mineral platelets a wide range of analytical techniques have been applied. These include polarized light (Ascenzi and Bonucci, 1968; Giraud-Guille et al., 2003) and confocal microscopy (Ascenzi and Lomovtsev, 2006; Ascenzi et al., 2003) , transmission and backscattered scanning electron microscopy (Giraud-Guille, 1988; Marotti, 1993; Weiner et al., 1991; Weiner et al., 1997) , Fourier-transformed infrared (FTIR) microspectroscopy (Paschalis et al., 1996) , small and wide angle X-ray scattering (SAXS and WAXS) (Fratzl et al., 2012; Wagermaier et al., 2006) , dual beam electron microscopy (FIB-SEM) Reznikov et al., 2014) and synchrotron X-ray phase nano-tomography (SR-PNT) (Varga et al., 2013; Langer et al. 2012) . It is worth noting that most of these techniques require complex sample preparation and/ or are unable to provide information in hydrated conditions, usually allow only small portions of the sample to be analyzed and do not provide correlative information on collagen and mineral. showing contrast images of (h) m1 PO4 (CCD counts: 220-420) (i) m2 PO4 (CCD counts: 50-160) (j) amide I (CCD counts: 40-155) (k) amide III (CCD counts: 25-80). The polarization direction of the incident laser light was horizontal (90°) in all images. m1 PO4 and amide I reflect the characteristic lamellar structure of the tissue, due to their sensitivity to the orientation of the mineralized collagen fibrils; whereas m2 PO4 and amide III are less susceptible to orientation effects and do not reflect the lamellar pattern, but show homogenous intensities in all osteonal regions (Kazanci et al., 2006) . Polarized Raman spectroscopy (PRS) emerges as a powerful non-destructive imaging tool which provides not only details on the chemical composition of bone tissue, but can furthermore be applied to obtain structural information of both collagen and mineral phase. Raman spectroscopy is based on the inelastic scattering of light when interacting with material, resulting in a frequency shift that can be associated with a particular vibrational mode of a specific chemical group. In bone research, Raman spectroscopy is a well-established method and is commonly applied to characterize the main tissue constituents, organic collagen and apatite mineral (Carden et al., 2003; Morris and Finney, 2004; Timlin et al., 1999) . In addition to the chemical composition, the intensity of Raman scattering depends also on the orientation of the vibrational units with respect to the orientation of incident laser polarization. As a result, significant modulations of Raman peak intensities can be observed in highly structured biological tissues such as tendon or bone (Bonifacio and Sergo, 2010; Janko et al., 2010; Kazanci et al., 2006) . Due to the specific arrangement of mineral platelets and collagen fibrils in bone, mineral (m 1 PO 4 ) and collagen (amide I) Raman peaks exhibit highly anisotropic and therefore modulated intensity responses (Carnelli et al., 2013; Falgayrac et al., 2010; Gamsjaeger et al., 2010; Makowski et al., 2013; Raghavan et al., 2010) . However, in Raman microspectroscopic analysis it is crucial to distinguish between structurally and chemically related peak intensity modulations. In Fig. 1 (h-k) an example of Raman microspectroscopic imaging of a human osteon using fixed orientation of laser polarization is shown.
Clearly, the integrated intensities of mineral m 1 PO 4 ($960 cm À1 ; Fig. 1h ) and collagen amide I ($1660 cm À1 ; Fig. 1j ) bands show an intensity contrast that is originated from the characteristic organization of lamellar cortical bone (Kazanci et al., 2006) . On the other hand, mineral m 2 PO 4 ($440 cm À1 ; Fig. 1i ) and collagen amide III ($1250 cm À1 ; Fig. 1k ) bands are less susceptible to the orientation effects and show an isotropic Raman response that qualifies these bands for analysis of bone composition (Falgayrac et al., 2010; Gamsjaeger et al., 2010; Gevorkian et al., 1984; Kazanci et al., 2006) . It is worth noting at this point that, within the detection limits of spectral and spatial resolution, the total amount of phosphate ions (m 2 PO 4 ) and protein matrix (amide III) is constant throughout the entire osteon (except for the osteocytes regions) despite the complex structural organization (Kazanci et al., 2006; Hofman et al., 2006) . By acquiring spectral data at different orientations of the incident polarized laser light, the anisotropic Raman response of amide I can be used to derive information about the orientation of collagen molecules. Based on the anisotropic amide I response, Masic et al. (2011) determined the two-dimensional orientation of collagen fibrils in the plane perpendicular to the incoming laser beam (xy plane; Fig. 1g ). Recently, Galvis et al. (2013) took first steps towards deriving three-dimensional (3D) orientation information of collagen molecules in tissues. Their work focused on the anisotropy of the theoretical Raman amide I band intensity of several collagen-like peptide structures and they established a model correlating the degree of anisotropy of the amide I response with an angle of orientation of the collagen molecules. Furthermore, 3D orientation information of collagen molecules in rat tail tendon (RTT) could be extracted by applying the theoretical model on experimental data. The aim of the present study is to extend the approach postulated by Galvis et al. from a simply structured tissue with mainly parallel aligned collagen fibrils to the analysis of a complex hierarchically structured collagen based tissue such as human cortical bone and assess 3D orientation of collagen fibrils in OL. We demonstrate that, additionally to the chemical composition, PRS is capable of elucidating intricate 3D mineralized collagen arrangements, including twisted and oscillating plywood patterns.
Materials and methods

Sample preparation
Four human femoral bone samples were obtained from human cadaver femora. All donors had no reported bone pathologies. Ethical approval was granted by Ethic Commission of the Martin Luther University. Cross-sectional samples were cut from the femoral mid-diaphysis. The samples were dehydrated in a graded series of ethanol (70%, 80%, 96% and 100%, immersion for 24 h each solution) and embedded in polymethylmetharylate (PMMA). Flat sample surfaces were prepared by a grinding procedure using silicon carbide abrasive papers (grit size 4000; Phoenix 4000, Buehler, Düsseldorf, Germany). Afterwards the surface was polished with a hard synthetic cloth, ethyleneglycol suspension and 1 lm diamond particles as an abrasive. Osteonal tissue sections for analysis were selected with scanning acoustic microscopy (SAM) as described elsewhere (Granke et al. 2013) . SAM is a technique that quantifies acoustic impedance, which is strongly related to mechanical stiffness. SAM is thus sensitive to the elastic variations caused by the plywood pattern and can assess the lamellar structure of bone ( Fig. 1f ) (Hofman et al., 2006) . Being not only non-destructive but also operating in backscattered geometry, SAM allows easy visualization of the lamellar structure of bone. Osteons were identified and selected based on their size, shape and lamellar structure.
Raman spectroscopy
For Raman microscopy a confocal Raman microscope (CRM200, WITec, Ulm, Germany) equipped with a piezo-scanner (P-500, Physik Instrumente, Karlsruhe, Germany), a diode pumped linearly polarized continuous 785 nm near infrared laser (Toptica Photonics AG, Graefelfing, Germany) and a water immersed objective 60Â (NA = 1.00, Nikon, Tokyo, Japan) was used. The laser power was set to 30 mW and focused to a spot approximately 10 lm beneath the sample surface. The measured FWHM of the focal spot was $1 lm in lateral direction and $4 lm in axial direction. The Raman spectra were acquired using a CCD (PI-MAX, Princeton Instruments Inc., Trenton, NJ, USA) behind a grating (300 g mm À1 ) spectrograph (Acton, Princeton Instruments Inc., Trenton, NJ, USA) with a spectral resolution of $6 cm À1 . The sample surface was scanned in mapping mode with steps of 1 lm integrating the signal for 0.3 or 0.5 s at each step. The ScanCtrlSpectroscopyPlus software (version 1.38, WITec, Ulm, Germany) was used for the experimental setup and WitecProjectPlus software (version 2.02, WITec, Ulm, Germany) for spectral data processing. Chemical images were reconstructed by integrating over defined Raman shift regions in the spectrum using a sum filter (for amide I band the spectral region used was 1600-1700 cm À1 ). Regions of interest (ROI) were scanned at different angles of polarization b of the incident laser light in steps of Db = 15°, from b = 90°to b = À90°with respect to the sample orientation. Collagen orientation maps were produced using built-in and custom-developed scripts in Matlab 7.5 (MathWorks Inc., Natick, MA, USA). For this, the following equation was fitted to the measured intensity variation of the amide I Raman band with respect to the polarization angle b
where I is the amide I intensity response, a the average amide I intensity of all scans, b the amplitude of the fitting curve, b the angle of polarization of the laser and c the phase shift. These fit parameters are displayed in every xy scan position of the collagen orientation maps (Fig. 2) : parameters a, b, and c are represented in color code of the pixel, length and orientation of the black arrows, respectively (Masic et al., 2011) .
Modeling
To estimate and interpret the effects the misalignment between the incident laser beam and the lamellar plane due to oblique sample cutting and averaging of the fibril orientation as a result of the optical resolution, experimental data were compared to idealized theoretical models of the collagen fibril arrangement in OL. The lamellar structure of the osteon was modeled as plywood patterns. Single lamellae were defined as stacks of 25 sublayers of equal thickness. It was assumed that each sublayer is composed of unidirectional aligned collagen fibers. The arrangement of the fibrils in the lamella was modeled on the one hand as a twisted plywood pattern (Giraud-Guille, 1988 ) and on the other hand as an oscillating plywood pattern (Varga et al., 2013) . Based on the results of Varga et al. (2013) , a lamellar width of 7 lm was defined for all simulations. Furthermore, the twisted plywood model was defined by a continuous rotation of collagen fibrils from sublayer to sublayer with a twist angle of Du = 7.5°between adjacent sublayers, corresponding to a twist rate of 25°per lm. The fibrils of the twisted plywood arrangement perform a full rotation from u = 0°t o u = 180°. The oscillating plywood pattern on the other hand was defined by fibrils that perform a sinusoidal oscillation between u = 0°and u = 30°. (Schematic sketches illustrating side and top views of the two models are illustrated in Fig. 5(a, b, d , and e)). To evaluate the averaging effect of the focal domain, the confocal focus spot of the Raman microscope was modeled as a three dimensional Gaussian function with a full width at half maximum (FWHM) in x-and y-directions of 1 lm and a FWHM in z-direction of 4 lm.
Results and discussion
PRS resolves the 3D orientation of collagen fibrils in osteonal lamellae
PRS and imaging analysis was performed in osteonal tissue sections with characteristic lamellar structure. Fig. 3a provides a schematic overview of an osteon and shows an exemplary illustration of a region that was analyzed by PRS. Using the procedure reported in literature (Masic et al., 2011) , a collagen fibril orientation map was derived (Fig. 3b) . The map shows several OL and an osteocyte lacuna. The characteristic lamellar structure of bone is reflected in the oscillations of the mean amide I intensity. The measurement shows that the amide I Raman band in osteonal tissue exhibits a sinusoidal response with respect to the polarization angle b. The amplitude of this sinusoidal response (parameter b) reflects the degree of anisotropy of the PRS signal and varies depending on the position within the lamellae. Detailed analysis of the average values of single scan lines parallel to the lamellar plane (ROI 1a and ROI 1b, Fig. 3b) shows that the amide I response is isotropic in lamellar regions with local maximal mean amide I intensity (ROI 1a) and highly anisotropic in regions with a local minimal mean amide I intensity (ROI 1b). Comparison of the PRS response in the direction perpendicular to the lamellar plane (ROI 2, Fig  3c) shows a gradual increase of the degree of anisotropy from close to isotropic (ROI 2a) to highly anisotropic (ROI 2i).
In a theoretical study on collagen-like peptide molecules, Galvis et al. demonstrated that the degree of anisotropy of the amide I Raman response is determined by the orientation of the molecules. Their theoretical analysis predicted that the mean intensity of the amide I band is maximal and the response is isotropic, if the collagen-like molecules are parallel aligned with respect to the incident laser beam. On the other hand, molecules that are perpendicularly aligned to the incoming beam result in an anisotropic response with minimal mean amide I intensity. These predictions were furthermore verified in experimental investigations in rat tail tendon with highly oriented parallel collagen fibrils. It could be demonstrated that the degree of anisotropy is determined by the projection of the orientation of collagen fibrils in the xz plane (Galvis et al., 2013) . Thus, it can be deduced that the gradual alteration of the anisotropy from isotropic to anisotropic in osteonal tissue, accompanied with the modulation of the mean intensity (Fig. 3 , ROI 2), is caused by a continuous change of orientation of the collagen fibrils in the lamellar plane defined by an increasing twist angle u. However, it is not possible to assign the mean amide I intensity/the degree of anisotropy to a specific twist angle u based on these data sets only.
To extract more information on the 3D orientation of the collagen fibrils, parameters a, b, and c and their correlation were further analyzed. The collagen orientation map in Fig. 4a provides details of several OL, the Haversian canal and two osteocyte lacunae. Analysis of the mean intensity (parameter a) and degree of anisotropy (parameter b) in representative ROIs proved that both parameters have a sinusoidal behavior across the OLs and are negatively correlated (Fig. 4b, c) . Fast Fourier analysis of parameter a and b (Fig. 4d) revealed a mean phase difference of 178.3 ± 6.4°b
etween maximum points of the two parameters in 9 representative OL. These results demonstrate that parameters a and b are in antiphase. The strong correlation between the mean amide I intensity and the degree of anisotropy in osteonal tissue is in good agreement with the theoretical predictions of collagen-like molecules (Galvis et al., 2013) . Our findings provide evidence that the correlation between intensity and degree of anisotropy of the amide I response is not only valid for parallel aligned collagen fibrils, but also in a complex structure of fibrils with changing orientation.
There are several interesting aspects that emerge from these results. First and probably the most relevant, is that the parameter b is a reliable indicator for the orientation of the fibrils in the lamellar plane, parallel to the incoming laser beam. Earlier studies have shown that parameter c, the phase shift, represents the orientation of collagen fibrils in the xy plane, i.e. perpendicular to the incoming beam (Masic et al., 2011) . Hence, these results show that 3D orientation information of collagen fibrils can also be extracted in a complex, highly mineralized biological tissue. In contrast to other techniques the PRS can also be applied to analyze fully hydrated collagen fibrils making this approach more relevant when it comes to assessing the tissue state that is as close as possible to the physiological conditions. Furthermore, the structural 3D orientation information can be in addition correlated to the chemical composition that is inherently incorporated into the Raman signal (e.g. water content, mineral phase characteristics, such as maturation or carbonation, nature of the organic matrix etc.) allowing for exploration of further structure-composition-function relationships in bone tissue.
Detection of different plywood arrangements in osteonal lamellae
Another interesting aspect found in collagen orientation maps is a periodic tilt of collagen fibrils out of the lamellar plane (e.g. ROI 2 in Fig. 3a-2 , ROI 3 and 4 in Fig. 4a ). Such a tilt has not been described in any of the reported osteonal models. However, (Giraud-Guille (1988) ) observed series of nested arcs in their studies of compact osteonal bone and referred them to twisted plywood architecture in oblique sample sections. These nested arcs resemble the periodic tilts out of the lamellar plane observed with our PRS. To account for this phenomenon, we compared experimental results with theoretical simplified and idealized models of known lamellar patterns. Based on the oscillations of the anisotropy of the Raman response experimental data were compared to (i) the twisted plywood pattern and (ii) to the oscillating plywood pattern. 3D models of these two structures show that two patterns can be clearly distinguished in side view, but their projections in top view appear indistinguishable (Fig. 5b, e) . Top view projections of both models show parallel aligned fibrils only, and no tilt with respect to the lamellar plane can be observed. However, these observations hold only for the ideal situation where the osteon axis is parallel to the incoming laser beam and the axis of observation (Fig. 5b, e) . In reality, a slight tilt of the osteonal axis with respect to the bone long axis and/or an oblique cut of the sample with respect to the osteonal axis can occur. The tilted view by an angle of a = 10°was also simulated. As a result the projections of the fibrils xy plane appear tilted with respect to the lamellar plane (Fig. 5c, f) . This is due to the fact that the collagen fibrils of each sublayer get cut at different twist angles. The projections of the fibrils at u = 45°and u = 135°in the twisted plywood pattern show opposite tilt angles whereas the analogue projections (u = 15°and u = 15°) in the oscillating plywood pattern are inclined in the same directions. Very similar results were observed in the experimentally assessed collagen orientation maps suggesting an oblique cut of the osteonal tissue ( Fig. 5g and h ). The majority of investigated ROIs with oblique sectioning (Fig. 5g ) displayed a fibril rotation pattern comparable to the twisted plywood model and a small number of ROIs in close proximity to the Haversian canal was comparable to the oscillating plywood pattern.
Besides the twisted and oscillating plywood pattern we observed single lamellae with remarkably thick sublayers (3-4 lm) of nearly unidirectional aligned fibrils parallel to the osteon axis (e.g. Fig. 3b, ROI 1a) . These findings are in good agreement with structural motifs and features that have been found in human femoral bone (Reznikov et al., 2014; Varga et al., 2013) , murine tibia and equine metacarpal bones (Faingold et al., 2013 ) using other complementary experimental approaches.
PRS-based indications of disordered collagen fibrils
Finally, to explore the intrinsic heterogeneity of the osteonal tissue in relation to the presence of unordered collagen networks, the anisotropy (parameter b) of osteonal tissue was compared to the degree of anisotropy of theoretical predictions of collagen molecules and to experimentally outcomes of RTT (Fig. 6 ). Fig. 6a shows the maximum normalized amide I intensity of collagen-like peptide molecules as a function of the polarization of the incident laser of molecules oriented parallel to the incident laser beam (u = 0°) and perpendicular to the laser light (u = 90°) (Galvis et al., 2013) . In comparison, Fig. 6b shows the amide I intensity of dry pre-stretched RTT (u = 0°and u = 90°) and wet nonstretched RTT (u = 90°) (Galvis et al., 2013; Masic et al., 2011) . As illustrated in the table (Fig. 6d) the degree of anisotropy of the theoretical Raman response of collagen-like peptide molecules and dry pre-stretched RTT is very similar, whereas it is slightly smaller for wet non-stretched RTT confirming the bending of the collagen molecules in the gap region of collagen fibrils predicted from X-ray and molecular dynamics results (Buehler et al., 2011; Fratzl et al., 1998) . Interestingly, the maximum degree of anisotropy obtained using the same procedure for the OL tissue results is remarkably lower (Fig. 6c, d ) compared with both, pre-stretched dry RTT ($45% decrease) and non-stretched wet RTT ($30% decrease).
The loss in anisotropy observed for OL can be due to several reasons: (i) collagen fibrils never reach a configuration perpendicular to the incident laser beam (u = 90°); (ii) the limited spatial resolution ($1 lm in lateral and $4 lm in axial direction) of the experimental Raman setup that would yield to an averaged orientation values in the case the sublayer thickness is smaller than 1 lm and/or if the layer is tilted relative to the laser beam axis; (iii) an intrinsic disorder of the collagen fibrils in the lamellar sublayers.
For the identified twisted plywood patterns, in which a full twist from u = 0°to u = 180°has been observed, the first option (i) can be excluded. The estimation of the resolution effect on the loss of anisotropy requires further analysis. The intensity response of each measuring point in OL is the result of the interaction of several lamellar sublayers with different orientations with the light of the focal spot. Considering the average thickness of a lamella, the focal spot of the Raman microscope with a lateral resolution of 1 lm could have relatively large effects on the intensity anisotropy. To quantify this influence the interaction of the laser spot volume with a bone lamella arranged in an ideal twisted plywood pattern was theoretically modeled (Fig. 7a) . Based on the results of Varga et al. (2013) and on the oscillation period of parameter a and b in experimental Raman results (e.g. Fig. 4d, d ) a lamellar width of 7 lm was assumed for these estimations. Because the projections of the fibrils are measured only in xy plane, the PRS method is unable to distinguish between positive and negative twist angles in the lamellar plane based on parameter b only. Therefore the twisted plywood pattern was modeled as a continuous rotation from = 0°to u = 90°and back to u = 0°. The focal laser spot was modeled as a 3D Gaussian distribution with a FWHM of 1 lm in x-and ydirections and a FWHM of 4 lm in z-direction. To estimate the effective twist angles measured with Raman microscopy, weighted mean twist angles of the fibrils within the focal volume were calculated (Fig. 7b) . The estimation showed that the minimal and maximal twist angles are affected by the resolution of the microscope. Due to the averaging in the focal volume, the effective twist angles of collagen fibrils with predefined orientations of u = 0°and u = 90°in the model (parallel and perpendicular to the laser) were u eff = 8°and u eff = 82°, respectively. These estimations of the effective twist angles, that are even more pronounced in the models with oblique cutting (Fig. 7b) , show that the effect of spatial resolution can account for at least two thirds of the loss of anisotropy of the OL in comparison to wet non-stretched RTT. It is worth noting that the effect of the resolution is crucially determined by the twist rate Du. Therefore this effect will have a much larger impact on lamellae with a twist rate Du > 7.5°. Consequently, it can be concluded that averaging of the twist angles as a result of the limited spatial resolution is one of the major reasons of the smaller b values (Fig. 6c) relative to the amide I Raman response of OL and compared to that of RTT (Fig. 6b) and the theoretically predicted response of collagen-like molecules (Fig. 6a) .
Ultimately, the anisotropy loss in OL may be associated to the presence of intrinsically disordered collagen fibrils. This structural feature has been postulated in several studies. Recently, Reznikov et al. (2013) observed, by means of a FIB-SEM method, the existence of thin disordered lamellar sublayers with loose fibril packing and little or no preferred orientation in the lamellar structure in rat circumferential bone and described a continuous disordered component enveloping a structure of highly ordered collagen fibrils in human osteonal bone (Reznikov et al., 2014) . These findings were in line with recent findings of Varga et al. (2013) who found proof of specific regions with less regularly organized fibrils in a 3D study of lamellar bone using synchrotron X-ray phase nano-tomography. However, these studies report not only the presence of disordered sublamellar regions but also regions with highly organized collagen fibrils. In PRS analysis the loss of anisotropy in such regions should be limited. However, the magnitude of the degree of anisotropy never reached the experimental values of wet non-stretched RTT. This could be due to two possible reasons: (1) averaging of ordered and disordered lamellar sublayers as result of the limited spatial resolution or (2) equally distributed disordered collagen within the lamella. Even though the presence of disordered collagen results the most plausible explanation to (Galvis et al., 2013) . (b) Average and normalized experimental amide I response of non-stretched and pre-stretched rat tail tendon placed at the same angles as in (a) with respect to the incident laser light (Galvis et al., 2013; Masic et al., 2011) . (c) Average and normalized experimental amide I response of the two regions in osteonal lamellae with the highest and lowest amide I intensity (Fig. 3b, ROI 1a and 1b) of the twisted plywood model and estimation of the effective twist angle measured with Raman microscopy. The effective twist angle was estimated as the weighted mean value of the fibrils within the focal volume. Furthermore, effective twist angles in a twisted plywood model with oblique cut were estimated. As indicated with the black arrows, the effective minimal and maximal twist angles in the lamella are larger and smaller than the predefined model twist angles, respectively. the loss of the anisotropy associated with the OL signal, the spatial resolution limitations of the PRS approach make the precise quantification and the contribution very difficult and error susceptible.
Conclusions
In summary, in this work we demonstrated the potential of PRS in assessing the 3D orientation patter of collagen fibrils in a highly complex hierarchically structured biological tissue. By analyzing the anisotropic response of the amide I Raman band of collagen fibrils in bone lamellae, evidence about the correlation between amide I intensity and degree of anisotropy of the Raman response in the complex and hierarchically structured tissue of osteons was provided. Based on this relation, information about the orientation of the collagen fibrils in the lamellar plane was derived. It could be demonstrated that the gradual change of anisotropy of the Raman response from isotropic to highly anisotropic is caused by the continuously increasing twist angle u of rotating collagen fibrils in OL.
However, due to the limited resolution, the major drawback of the PRS methodology is its inability to precisely quantify the twist angle u of the collagen fibrils at a specific point in the tissue.
Based on apparent periodic tilts of the collagen fibrils out of the lamellar plane and comparison of the experimental data with theoretical models, two different collagen fibril arrangement patterns, the twisted and oscillating plywood pattern were identified in lamellae. Furthermore, the coexistence of both plywood patterns in the same osteon was observed, corroborating earlier findings. The majority of the lamellae displayed a twisted plywood pattern, but a small number of lamellae in close proximity to the Haversian canal displayed a fibril rotation comparable to the oscillating plywood pattern. Through the careful analysis of the amide I intensity plots, a loss of Raman intensity anisotropy in OL with respect to theoretical predictions and experimental data on RTT was observed. This loss in anisotropy was associated with (i) the averaging of twist angles as a result of the limited spatial resolution and (ii) the potential presence of disordered collagen fibrils within the lamellar organization.
Ultimately, the results reported here demonstrate the versatility of the PRS analytical approach to obtain collagen 3D structural information from a highly complex biological tissue, and concurrently map chemical information associated with collagen. In contrast to results reported in literature, PRS outcomes are based on the analysis of the fully mineralized and, in some cases, totally hydrated tissues, supporting the studies that involve the demineralization of the bone tissue prior to the structural characterization. In future, the methodology could provide further insights into the relationship between chemical composition, structural and mechanical properties of bone micro-mechanics. Finally, the proposed method could complement current diagnostic tools, as well as contribute to functional biomedical solutions for the assessment of tissue damage and response to treatment of collagen-related pathologies.
